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Both eloc!ron impact- and laser ionization-mass spectromet~
ha+e been used to probe tho material spalled from CaF2 surfacgs by

the fundamental(l .06p) and harmonic (355 nm and 266 nm) outputs

frcm a Q-switched Nd:YAG laser. We have identified a number of gas
phase products, Including Ca, CaF and tentatively, CaF2, and have

measured their translational and internal energy distributions.
Cur results suggest that whiie the 1.06jJ experiments can be

adequately modeled in terms of a single damage mechanism (Iikeiy
avakmche breakdown), the short-wavelength results suggest the
omet of second m=hanism, perhaps multlphoton absorption. This is
cs:sistont with bo:h the observed bimodai velocity distribution
fc::o’,ving short-waveieng!h damage, and with the dacrease in CaF
vih:ational and rotational excitation,

Experimental studies of Iasrr induced damage in optical materials have

traditionai~y concentrated’ on phenomenology of the process: damage thresholds, and
physical ard buik material properties effecting these thresholds. More recently,

cnnsiderakle atterdion2’3 has been given to the mechanisms responsible for damage,
and [o “fie molecular pheaomenae associated with the damage process.

In tfis work we describe a study of the interaction of relatively high”fluence

laser pulses (+21 OJ/cm*) with a (nominalIv) transparent opticai medium. Ye have

used bo~! wnventlonai eiect:on impact Ionization (with quadruple mass
discrimination) and RiMS (R~sonance Ionization Mass Spectrome@ with
Ume-of-flicht detection as diagnostics for investigating the sputtered material
produced from laser-solid intemtlons. RIMS* is a form of Iaser-ionization mass
spectronw~ which takes advantage of available laser-based multiphoton ionization



schemes for the selective detection of atoms and small molecules. CaF2 was chosen

for this study since it is a common dielectric used in UV and somo vis.lfl optics, and
may be treated as a prototype system for these studies. The objective of this work
was to obtain information about the Iaser”solid interaction through m~asurement of
the chemical and velocity distributions of the paftickm ejected from the surface
during damage. ,-

2. Experimental.

i
AII damage experiments wore monitored by mass spectrometw, using one of two

mass spectrormeter/ionization systems: a quadruple apparatus equipped with
electron impact ionization, and a time-of-flight apparatusin which multipboton
photoionization was used. The sourco region of the quadrupclo m~ss spectrometer

(Extrel, C-SO) was equipped with an axial ionizor modifieds to allow th~ high
Intensity laser beam to pass through, Fig 1, Primary ions produced by tho damaging
laser were detected by turning off the electron impact ionizer, while sumey electron
Impact mass spectra were typically acqllired at an energy of 75 eV, A bas~ pressure

of S1 x 10-8 Torr was maintained by an ion pump. The time-of-flight mass

spectrometer was modified6’7 to p~’mit optical access by both the damaging and
interrogation laser beams. This latter apparatus was used to measure velocity
distributions, and to provide optical spectroscopi~ idcmtification of the ion

617. A base pressure of S1 x 10-7precursors, Details have been presented elsewhere
Torr WaS maintained by a L-N2 trapped oil diffusion pump,

The CaF2 substrates were polished flats (Jane? Optlcai or Harshaw), 1.9 cm in

diameter and 3 mm thick, Each sample was cemented to a 15-cm stait’,less steel rod
for mounting within tha mass spoctrometor vacuum can. The substrates were placed
near (1 ,5.3 cm) the axis of the mass spectrometer flight tube, and were manipulated
by mountincj the rods on a rotation”pushjpull vacuum foedthrough (Varian Model
1371), The samples were rotated at rates of 1 revolutlonll 5 rlinutes to 1
revolution/60 minutes, so that a fresh surface was continual exposed to the laser
beam.

Cptical damage was initiated by either the fundamental (1.06P), or frequency

bip!ed (355 nm) or qumlrupled (266 fire) output of a Nd+3:YAG laser (Quanta
Ray/Spectra Physic~ Model OCR 1A), The l~ser was equipped with filled-beam optics,
and produced a beam whoso spatial profile is somewhat more sharply peaked than for
a gaussian beam. The Q-switched output was 10 nsec FWHM in duration, and SmOoih

within the resolution of our eloctrunics (-2 nsec),
The timing sequer~c~ war ir~itiated by the Q-switch synch-out from the YAG laser,

When using the quadruple mass spectrometer, this signal triggered a boxcar averager
(PARC 162164) gnted to accept signal from 10”100 psec after the laser pulse, In

exp’friments using the time-of-flight mass sp~ctrnme!er, the YAG laser syncti-out
was passed through a variable delay (Tektronix 79047R85), a pulse generator (BNC
8010) and then to ti~e trigger of a XeCl excimer laser (Lambda Physics EMG 101), The
UV output from this laser was used to pump a tunable dye laser (Lambda Physics FL. .....,-

,

2002) which could then probe, via multipho:on Ionization, the material spatted by the
laser damage event. The identity of the spalied material could be determined by
varying the ionization wavelength, whiie the velocity distri~ution could be measured
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by changing lho”d~ay betwe;-n the damago and interrogation lasers, The boxcar
galewidth for these exponents was S00 nsec, which provides a mass resolution Of

-3 au.
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Figurel. Schematic of the experimental apparatus used for survey mass
spectrometry, For details on time-of-fllght apparatus, see ref. 7,

3. Results

Suwey mass spectra were taken with the quadruple mass spectrometer, Fig, 2
shows the spectrum generated with tho electron Ionizer turned off. It is dominated

by the Cd+ peak (40 au), with satellites obse~ed at 42 and 44 due to isotopic
variants, and very small contributions due to Cap (59 au) and ~ (19 au). With the
electron impact ionizer turned on (75 ev energy), we generated tho mass spectrum
shown in Hg. 3. This spectrum is th: result o! a manual background (no laser)
subtraction from the obsewed (laser damage) spectrum. Note the scale change on
these figures, which reflects an obvious propensity !or the resorption/aMatlon of
neutral species In preference to ions. Even allowing for a reduced detection
efficiency for Ions formed outside the normal Ionlzatlon region, we estimate the

mtio M/M+ 10be 2100.. .
The signals observed in Fig 3 can be dlvlded Into two types: those origin~tlng

from the substrate material, and those likely associated with surface contaminants,

For the former, a large 40 au peak Is again obsewed, Indicative of Ca+. In this case
we also observe a substantial peak at 59 au, and a large peak at 19 au. me latter
sugoests thatF atom removal Is a high probability procoss, In agreement wltn other
observations, Although we see no evidence of CaF2+, this does not mean the CaF2 iS

not being sputtered from the surface, Indeed, a large body of evldenceg-’ ‘suggests

thatCnF2 Is the domlrmnt thermal evapomnt, The reason for our non+bservatlon of
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F@ro 2 Suwey mass spocfurn of primary ions (no electron impact Ion:zef) prOduCOd

by 266 nm damage on CaF2 at 15 J/cm2 (1O n~oc pt,ilso)

CaF2+ is !Jmt electron impact Iofiizatlon” 112 flrOdLCeS predomma!ely Cap, and, at

hlghor energms, Ca+ from the parent molecule. The observed Cap ana Ca+ slgqs
aro [bus lIkoIy d~e to Both dwect ‘omzmton of Ca and CaF (see below), and to -
combined ionlzaflamfragmentalion of CaF2. A number of other minority sDecies

(sO 1‘/0) can ~~ observed at higner Sonsltlvity, and are largely consistent with prevmbs

obwvahons’ a,
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figure 3. Survey mass speCtrUm of neutral Species (Ionized by electron Impact)
Spalled from the c#2 swfaco. Conclilions :dermcal to Fig. 2.



Among the impurmos rouhnoly observed in !he electron impact mass spi.rc!ra am
a large p~ak at M au, presumably C02, ISp@ at 28 d~~~to co (or N2), Ih@water 9rGUP

at 16,17 and 18 au, and a very weak signal at 1? au. We have not determined the
Idantlty ot this lust constituent, but it is a frequently observed signal In this

‘4*’ 5 tendency of water to●pparatus, Thaws results are consistent with the known
adsorb on CaF2 surfaces+

Results from the laser damt@laser ionizatioff experiments in thu ToF mass
spectrometer yield signi!lcant additional informatkh First, since the multlphoton
Ionization process is resonantly enhanced, the excitation (Ionization) spectrum can be
used to detgrmine the precursor for a particular ion, And secoqd, by vaqing the time
dtiay between the damage and interrwyNion pulses, the veloci~ distribution of the
spalled material can be obtained,

The Ca+ observed in the laser ionization experiments is producod from atomic Ca

by a “2+1” (photons to resonance + photons to ionize) process’ through the enhuncing
“1 similarly, the C@ obsorved i,n this set of experiments is‘ Poo state at 37298 cm ,

do;ved from CaF by a 2+1 ionization process through the F211state (TO=37550 cm-’),

These particular ionization paths were choson so that both species cou!d be detected
with the same laser dye, Whilo tho~e results indicate that at least some of the
ablated mmrial is directly spalled as Ca and CaF, we have no direct evidence as to
what fraction spans as fragments, and what fraction as CaF2 molecules, Neither the

previously mentioned electron impact spectra, nor the optical ionization currently
under discussion is sensitive to CaF2, We can only Infer from thermal vaporizatiorl

studiesg!l 0 that a substantial fractio; is likely to evaporate as molecules.

Additional information was obtained by measuring both the internal and
translational energy distribution of the the spalled Ca and CaF. Velocity distributions
were measured by varying the time delay between the damage and ionization (probe)
Iasors, The internal energy conmnt of thG CaF radicals was probed by varying the
wavelength of the ionization (dye) laser, so that an excitation spectrum was obtained,
Damage was initiatoci at the fundamental (1i06p), and frequency tripled (355 nm) and

quadrupled (266 nm) wavelengths, The results were found to be dependent on
wavelength and may be summarized as follows:

a, For 1.06p irradiation, we obsewed thermal (850 K) velocity distributions for

both Ca and CaF. In addition, the CaF radical exhibited significant amounts of

internal (rotational and translational) excitation, consistent with an internal

“temperature” of =103K.

b, For both 355nm and 266nm irradiation, the velocity distributions were

bimodal, Fig, 4, with a fraction (S50°/0) of ‘he spalled material exhibiting very high

(~000 K) kinetic temperatures, while the remainder exhibited a temperature

simiiar (800-1000 K) to that observed for the 1.06u ex~eriments. Note that the.-. . —
flight times exhibited in Fig. 4 are for optical time-of-flight (from CaF2 surface

to interrogation zone) and ~ the flight time in the mass spectrometer flight

tube. In addition, both the vibrational and rotational temperatures of the CaF

raaicals decreased with decreasing damage wavelength.
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Rqure 4. Optical time-of-fl!ght distribution (o) for Ca spalled from CaF2 surface at

266 nm, 15 J/cm*: a) shows individual fast (4000K) and slow (850K) components for

comparison with da’a, b) shows overall composite flt of fast (330A) and slow (67VO)

components.

4. Discussion

In regard to the cnarac!orlzation of the process of laser sputtering, or Iasel’

damage, the terms “thermal” and “electronic” have been used to describe different

mechanisms of particle ejectiorl from substrate surfaces In the hope of categorizing

the numerous possible procosses’6. Thermal normally implies vaporization from a

transiently heated sudace, while electronic sputtering refers to a collection of

processes commonly associated with the creation of electronic defects eventually

Ieadlng to particle ejection. Such defects might Include those resultlng from direct

Interaction of the Incident light with a sudace atom or dlffuslng defects SW%as hole

pairs. Such processes often lend to sudden bond rupture, and may lead to highly

nonthermal veloclty distributions In the ejected pafilcles’7. Indeed, the obserwlon

of nonthermd energy distributions have been used to infer the existence of a number

of laser-material Interactions’ 8, Includlnc! direct Dhotodissoclatlon and election of

surface matedal”. It is important to note, however, that some electronic

sputtering mechanisms do lead to ejected parllcles with thermal veloclty

dlstrlbutlons20.
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OIIr mulls do fIOf fIOCOWdy p .int to a ShIQh mechanism hl Iho irmluflon of the

breakdown event, but aro significant from Ihe standpoint that a change in mechanism,

I,e,, an opening of a second chmvwl at high photon energy, 18indlcalod, The klnelic

Iomparawros and qualitatively similar estimates of the CaF internal energies obsorved
at 1.06jJ argue for a thermnl or sonic mechanism, ~ossibly initiated by avalanche

breakdown, In addillon, It Is Iempllng 10 speculafd that absorption at Ihls long

wavelength is due to a physical or chomlcd defect In the substrate, since direct

excitation of tho cqstal would imply simultaneous absorption of a large number of

photons, The results at shortor wavolonglhs su~gost a moro direct photophysical

Imaractlon, whoro rapid enorgy dcpocillon Is followed by non-adiabatic transitions ot

fhe fragments to antibondlng stales 19,21, Such a m~chanism can lead tO the

nonequilibrium of the various do~roes of freedom observod here and also to a

norrisotropic angular dlslributlon of products,
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